is no fundamental limit to the directionality: By setting the polarization of the excitation field orthogonal to the polarization of the fiber eigenmodes that copropagate into the left/right direction, unity directionality can always be realized (22) . Moreover, at the inside of the waveguide, the quasi-linearly polarized guided modes of our silica nanofiber exhibit a perfectly circular polarization at two specific positions in the fiber transverse plane. Thus, a particle at such a position that is excited with circularly polarized light will couple light exclusively into one direction of the waveguide. Apart from their usefulness for optical signal processing and routing of light, our findings have important consequences for the interaction between atoms and light in evanescent fields (27, 28) or strongly focused laser beams. Moreover, they may enable novel nanophotonic sensors that allow one to detect and identify, for example, scatterers with an intrinsic polarization asymmetry (22, 29) . In the course of preparing this manuscript, we became aware of two related theoretical works (30, 31) discussing effects based on directional emission in photonic crystal waveguides. 
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Ethanol toxicity in the yeast Saccharomyces cerevisiae limits titer and productivity in the industrial production of transportation bioethanol. We show that strengthening the opposing potassium and proton electrochemical membrane gradients is a mechanism that enhances general resistance to multiple alcohols. The elevation of extracellular potassium and pH physically bolsters these gradients, increasing tolerance to higher alcohols and ethanol fermentation in commercial and laboratory strains (including a xylose-fermenting strain) under industrial-like conditions. Production per cell remains largely unchanged, with improvements deriving from heightened population viability. Likewise, up-regulation of the potassium and proton pumps in the laboratory strain enhances performance to levels exceeding those of industrial strains. Although genetically complex, alcohol tolerance can thus be dominated by a single cellular process, one controlled by a major physicochemical component but amenable to biological augmentation.
T he increased use of renewable transportation fuels such as bioethanol is an accepted strategy to combat global climate change (1) . However, the toxicity of ethanol and other alcohols to the yeast Saccharomyces cerevisiae is a primary factor limiting titer and productivity in industrial production (2, 3). Ethanol tolerance is a complex phenotype: Studies have shown that no single genetic modification is capable of eliciting greater resistance at high ethanol levels (4-7).
Because toxicity may arise from chemical perturbation of the plasma membrane, we surmised that the ionic composition of the culture medium could play a role in exacerbating or ameliorating this destabilization (8) (9) (10) . Therefore, we added various salts to high-cell-density and high-glucose cultures mimicking industrial fermentation to ascertain their effects on ethanol production.
Monopotassium phosphate (K-P i ) added to standard yeast synthetic complete (YSC) medium induced the greatest improvement ( fig. S1 ), an effect that we dissected into components deriving from elevated potassium (K + ) and pH. Specifically, when the pH of cultures containing elevated potassium chloride (KCl) was manually adjusted with potassium hydroxide (KOH) throughout the course of fermentation to match that of cultures containing elevated K-P i , ethanol titers were statistically indistinguishable (P = 0.09 from a twosample t test; P ≤ 7.6 × 10 −3 for other pairs) from one another (figs. S2 and S3). We also determined that KCl elicited a statistically higher improvement than sodium chloride (NaCl), and that supplementation with NaCl and sodium hydroxide, or with monosodium phosphate, demonstrated a distinguishable boost over NaCl alone (P ≤ 2 × 10 −4 from pairwise t tests). Thus, the greatest improvements in ethanol production derived specifically from the increase in K + concentration and the reduction in acidity of the fermentation medium.
Over the course of a 3-day culture, supplementation with KCl and KOH enhanced ethanol titer and volumetric productivity (grams of ethanol per volume per hour), two key benchmarks of fermentative performance (Fig. 1A) . Additionally, compared with equimolar KCl or matched pH alone, the combination of K + supplementation and acidity reduction enabled the complete utilization of glucose and decreases in the synthesis of acetic acid and glycerol, two undesired byproducts of fermentation ( fig. S4, A to D) . Ethanol titers of 115 to 120 g/liter have been reported previously from S288C (11), the inbred laboratory strain we used that is known for its low ethanol resistance (5, 12, 13) . However, these studies were typically conducted using chemically undefined ("rich") media. The 128 T 0.7 (SD) g/liter concentrations we observed were achieved using a purely synthetic formulation, allowing us to identify and precisely control the environmental components that affect ethanol tolerance.
The boost in ethanol production from KCl and KOH supplementation did not arise simply from an increase in cell number but from an increase in cell tolerance. Specifically, the 80 T 1.3% jump in titer (Fig. 1A) was accompanied only by an 11 T 4.6% average higher cell density (Fig. 1B) ; therefore, cell growth alone could not explain the rise in output. This discrepancy, however, was resolved when we directly assessed the fractions of cells remaining alive throughout fermentation ( fig. S5A ) and discovered that the addition of KCl and KOH enhanced overall population viability (Fig. 1B and fig. S5B ). This enhancement, furthermore, occurred despite the increase in toxicity imposed by higher accumulations of ethanol.
When we calculated specific productivities (rates of ethanol increase normalized by the live, rather than total, cell population), the values from KCl and KOH supplementation differed from the control by an average of 11 T 7.5% (Fig. 1A) . The fact that these differences account for a minor portion of the increase in titer suggests that elevated K + and pH act primarily not by affecting per-cell output but by boosting tolerance and the overall viable cell population. Additionally, these effects were fully observed in fermentations conducted in anaerobic bioreactors, demonstrating that these tolerance improvements do not depend on oxygen availability and can scale to highervolume environments ( fig. S6 ).
Because it is the viable cell population that is actively fermenting, final titers are governed by both the number of live cells and the length of time over which cells maintain viability against rising ethanol toxicity. The time integral of the viable cell population captures these two aspects and quantifies the overall impact of tolerance on ethanol production ( fig. S5, B and C) . Indeed, varying the concentration of supplemental KCl resulted in a dose-dependent increase of these time integrals; moreover, when these same additions were done at a higher pH, integrated viable population values were shifted upward correspondingly ( Fig. 1C and fig. S7A ). A strong linear relationship exists between the time integrals of viable cell density and final titers [goodness-offit (R 2 ) = 0.96; P = 1.5 × 10
], demonstrating that the ability to endure toxicity is a principal determinant of ethanol output and the primary trait strengthened by KCl and KOH supplementation ( Fig. 1D and fig. S7B ).
The enhancements conferred by elevated K + and reduced acidity transcend genetic background and were elicited universally among a random sampling of industrial yeast strains. Those used in the production of biofuel ethanol in Brazil (PE-2) and the United States (Lasaffre Ethanol Red), and of sake wine in Japan (Kyokai No. 7), are typically the result of genetic selection efforts designed to isolate superior ethanol phenotypes (13) (14) (15) . Consequently, all demonstrated distinctly higher ethanol output than S288C [10 T 1% to 30 T 1.2%] when grown in unmodified medium ( Fig. 2A) . However, when subjected to KCl and KOH supplementation, all strains responded with enhancements in tolerance that enabled the complete consumption of glucose ( fig. S8 ) and titers of 116 T 0.9 to 127 T 1.6 g/liter.
Under these conditions, S288C performed indistinguishably from the two industrial bioethanol strains (P ≥ 0.08 from pairwise t tests). Thus, a strain traditionally deemed ethanol-sensitive is inherently capable-without genetic modificationof superior tolerance, indicating that K + supplementation and acidity reduction drive a process that can supersede advantages conferred by genetic adaptation.
These adjustments to the medium, furthermore, enhance fermentation from xylose, an important hemicellulosic sugar that cannot be consumed by S9A ). Using YP diluted to 20%, titers of 104 T 0.8 g/liter were produced, whereas the addition of K + enhanced output 17 T 2.5% (Fig. 2B ). When pH was reduced from 6 to 3.7, production was concomitantly reduced 28 T 0.8%. However, the subsequent addition of K + compensated for this decrease, restoring titers to 109 T 1.8 g/liter.
Thus, in media with undefined composition, extracellular K + and pH are also sufficient to quantitatively modulate ethanol performance.
To isolate the effects of KCl and KOH supplementation on tolerance from other fermentation variables (such as decreasing turgor pressure from glucose consumption), we subjected yeast to nonphysiological step increases in ethanol concentration and quantified the population fractions surviving after 80 min, a period much shorter than the length of fermentation but adequate for cell viability to be affected. In medium containing a subsistence amount of glucose that minimizes newly produced ethanol, elevated K + and pH enhanced viability in shocks up to 27% (vol/vol) when compared to cells stressed in unmodified conditions (Fig. 2C) . Analogous experiments performed using high glucose (mimicking the osmotic conditions of high-gravity fermentation) and heightened K-P i yielded a similar result, albeit at a lower range of ethanol concentrations ( fig.  S10A ). These results indicate that the impact of elevated K + and reduced acidity is relatively immediate, does not require adaptation to ethanol accumulation over the course of days, and is capable of overcoming the combined stresses of high sugar and ethanol (2) .
The boost in tolerance conferred by heightened K + and pH extends to higher alcohols capable of serving as unmodified substitutes for gasoline. Although at lower concentrations when compared to ethanol (reflecting their increased toxicity), we observed that viability is similarly enhanced when cells are shocked using step increases of isopropanol and isobutanol (Fig. 2, D  and E, and fig. S10B ). That the improvements are not unique to ethanol suggests that these adjustments to the medium augment a more general cellular process involved in alcohol resistance or membrane integrity.
Given fig. S11 ). Likewise, hyperactivation of TRK1, accomplished by deletions of PPZ1 and PPZ2 (19) , generated an increase, yielding an 18 T 1.6% (SD) improvement in titer over the wild type when cultured in unmodified medium (Fig. 3  and fig. S12A ). Given the electroneutral codependence of the K + and H + gradients (18), we, furthermore, reasoned that up-regulation of PMA1 alongside augmented TRK1 would further enhance the ethanol phenotype; indeed, the combination increased titers by 27 T 2.2% over the wild type. These improvements in output mirrored enhancements in net fermentation viability ( fig.  S12B ), affirming the coupled nature of production and tolerance. Incidentally, overexpression of PMA1 without hyperactivation of TRK1 did not enhance ethanol performance (Fig. 3) , supporting the proposed notion that K + uptake creates the dominant electromotive force, and H + efflux acts primarily as a response current (19) .
Genetic augmentation of the K + and H + transporters increased ethanol titer of the laboratory strain to that surpassing the two bioethanol production strains (Fig. 3) . These specific genetic modifications are, therefore, sufficient to create a superior phenotype that was previously available only through selection. That hyperactivation of TRK1 alone is sufficient to match the titers of PE-2 and Ethanol Red, combined with the observation that these industrial strains respond to KCl and KOH supplementation, lends support to the possibility that polymorphisms enhancing the K + and H + gradients may be responsible for intrinsically higher ethanol tolerances (20) .
Collectively, our results suggest a toxicity model in which alcohols attack viability not at threshold concentrations that solubilize lipid bilayers but at lower concentrations that increase the permeability of the plasma membrane and dissipate the cell's ionic membrane gradients. The observation that genetically unchanged cells can be made to tolerate higher ethanol concentrations by modulating extracellular K + and pH indicates that many observed tolerance thresholds (such as the sub-100 g/liter titers from unmodified medium) represent a physiological, rather than chemical, limit. Ethanol has been known to decrease intracellular pH in a dose-dependent fashion, demonstrating that its amphipathicity permeabilizes the plasma membrane to H + (and potentially other ions) (8, 21) . Furthermore, that the coupled K + and H + gradients comprise a dominant portion of the yeast electrical membrane potential, used to power many of the cell's exchange processes with the environment, hints that the cessation of nutrient and waste transport due to gradient dissipation may be a primary mode of cell death (18, (21) (22) (23) (24) (25) .
These ionic gradients are probably disrupted with increasing strength as ethanol accumulates during fermentation, requiring the cell to expend escalating amounts of energy to reestablish the steep separation of charges. Conditions that bolster the cell's efforts to maintain high concentrations of intracellular K + and low intracellular H + [estimated to be 200 to 300 mM and pH 7, respectively (23, 24) ] thus probably enhance tolerance by raising the threshold at which alcohols will collapse these gradients (Fig. 4) . Physical reinforcements in the form of K + supplementation and acidity reduction generate the greatest improvements: Not only do higher concentrations of extracellular K + facilitate import (by potentially reducing the gradient from 36-to 4-fold, using the above estimates) and lower concentrations of extracellular H + facilitate export, the corresponding rates of ion leakage are decreased because of reduced concentration differences across the membrane. Likewise, genetic modifications strengthening the ion pump activities responsible for establishing the K + and H + gradients increase performance without alteration of the medium.
However, that KCl and KOH supplementation confers larger improvements suggests that tolerance may contain a considerable physically driven component that ultimately constrains biological augmentation. Fig. 3 . Genetic augmentation of the plasma membrane potassium (TRK1) and proton (PMA1) pumps increases ethanol production to levels exceeding those of industrial strains. Shown are ethanol titers from a wild-type laboratory strain (S288C) transformed with empty overexpression plasmid, S288C transformed with a plasmid overexpressing PMA1, S288C containing hyperactivated TRK1 (via deletions of PPZ1 and PPZ2) and transformed with empty overexpression plasmid, the TRK1 hyperactivated strain transformed with a plasmid overexpressing PMA1, and bioethanol production strains from Brazil (PE-2) and the United States (Ethanol Red), all cultured in unmodified YSC lacking uracil. Data are mean T SD from three biological replicates. Fig. 4 . Potential biophysical mechanism depicting how elevated potassium and pH counteract rising alcohol toxicity. In the absence of stress (top row), the opposing K + and H + pumps maximally maintain steep gradients of K + and H + across the plasma membrane. Rising alcohol levels perturb these gradients by permeabilizing the membrane and increasing ion leakage (middle row, left). Elevated potassium and pH, however, bolster the gradients by slowing rates of ion leakage (due to reduced concentration differences) and allowing transporters to pump against a lessprecipitous differential (middle row, right). Therefore, the threshold alcohol concentration that collapses these gradients is raised, allowing cells to maintain viability at higher toxicity levels (bottom row). Red corresponds to K + and blue to H + , the size of the triangles corresponds to concentration gradient steepness, and the thickness of the arrows corresponds to the magnitude of ion flux. Ethanol production for use as a biofuel is mainly achieved through simultaneous saccharification and fermentation by yeast. Operating at ≥40°C would be beneficial in terms of increasing efficiency of the process and reducing costs, but yeast does not grow efficiently at those temperatures. We used adaptive laboratory evolution to select yeast strains with improved growth and ethanol production at ≥40°C. Sequencing of the whole genome, genome-wide gene expression, and metabolic-flux analyses revealed a change in sterol composition, from ergosterol to fecosterol, caused by mutations in the C-5 sterol desaturase gene, and increased expression of genes involved in sterol biosynthesis. Additionally, large chromosome III rearrangements and mutations in genes associated with DNA damage and respiration were found, but contributed less to the thermotolerant phenotype.
M icrobial fermentation of biomass-derived feedstocks represents an attractive solution for production of sustainable liquid transportation fuels (1, 2) . About 100 billion liters of ethanol are produced annually by fermentation of mainly sugarcane saccharose and corn starch by the yeast Saccharomyces cerevisiae (3, 4) . There is also a growing interest in using this yeast for production of advanced biofuels with properties more similar to those of petroleumderived fuels, and for using other biomass for fermentation, such as lignocellulose from residual biomass (2, 5-7). The production of ethanol or advanced biofuels benefits greatly from fermentations at high temperature (≥40°C), because this reduces cooling costs and helps prevent contamination (3, 8) . High operating temperature also enables more efficient hydrolysis of the feedstock, thus leading to improved productivities in simultaneous saccharification and fermentation (8) (9) (10) . In these processes, thermophilic enzymes and yeast are added simultaneously to ensure concurrent hydrolysis of starch or biomass into monosaccharides, and their further conversion to biofuels by yeast fermentation. However, temperatures ≥34°C seriously impair yeast viability and growth.
Thermotolerance in yeast S. cerevisiae can be induced by short-term exposure to nonlethal stress conditions including low pH, high osmolarity, elevated ethanol concentrations, and superoptimal temperatures (≥37°C) (11, 12) . The acquired thermal protection is, however, nonheritable and is attributable to induction of cellular responses including the accumulation of heat-shock proteins (Hsp) and/or trehalose, which can provoke cell cycle arrest at the G 1 phase, and low adenosine 3′,5′-monophosphate-protein kinase (cAMP-PK) activity concomitant with reduced glycolytic fluxes (11, 12) . Thus, adaptation due to the activation of the heat-shock response is not the most suitable strategy for biofuel production. Industrial thermotolerant yeast strains currently used for bioethanol production were selected in the production processes, where they were exposed to high temperatures for longer periods of time (3, 4) . These strains can grow and consume glucose faster at higher temperatures than strains that have just been adapted by stress induction. Although the industrial strains have been used globally for ethanol production, little is known about the genomics of the strains and what makes them thermotolerant (4).
We established three independent yeast populations from three individual clones of the haploid wild-type S. cerevisiae yeast strain CEN.PK113-7D, and we used adaptive laboratory evolution (ALE) to select thermotolerant strains that were extensively characterized (13) .
Our ALE approach resulted in three parallel selections: Three clonal populations grew at 39.5 T 0.3°C for more than 90 days, producing over 300 generations (Fig. 1A) . After 326, 344, and 375 generations, the specific growth rate (m) increased on average 1.57 T 0.11 times in all three populations. We determined the specific growth rate of nine thermotolerant strains (TTSs), three randomly picked from each population (Fig. 1A) . Seven TTSs had very similar growth kinetics at 40 T 0.1°C under fully aerobic conditions (Fig. 1B) . These strains grew on average 1.91 T 0.12 times faster, consumed glucose on average 1.50 T 0.2 times faster, and excreted ethanol and glycerol on average 1.6 T 0.09 and 1.3 T 0.08 times faster, respectively, than the parental strain (Fig. 1, B and C) . The biomass yield on glucose increased by an average of 18 T 0.5% (Fig. 1D) .
We sequenced the genomes of the seven strains (TT11, TT12, TT13, TT21 TT22, TT31, and TT33) and performed whole-genome transcriptional profiling during exponential growth on glucose in bioreactors at 40 T 0.1°C. Whole-genome sequencing revealed a total of 30 single-nucleotide variations (SNVs) in 18 genes (tables S1 and S2). The average number of SNVs per genome duplication was 1.9 × 10 -9 T 2.6 × 10 -10 , and the average number of SNVs per 100 generations was 2.43 T 0.3, which is higher than that reported for adaptation to other stresses (1.13 to 2.13 per 100 generations) (14) . Most SNVs were detected in genes affecting membrane composition and structure, respiration, DNA repair, and replication ( Fig. 2A) . Nonsense mutations in the C-5 sterol desaturase gene ERG3 were present in all lineages (table S2) . Large genetic duplications were also found in five out of the seven strains. These consisted of two different types of segmental duplications of chromosome III (ChrIII), each found in strains isolated from two of the lineages (Fig. 2, B and C) . It was previously reported that complete duplication of ChrIII in the diploid S. cerevisiae strains was selected during growth at 39°C, but this reported duplication was unstable and disappeared after 600 generations (15) . The three evolved yeast strains isolated from population 1, TT11, TT12, and TT13 all had a duplicated ChrIII region containing the HCM1, RRT12, IMG1, IMG2, PER1, and YCR007 genes ( fig. S1 ). A previous study showed that overexpression of these genes contributed to up to 23.5% of the thermotolerant phenotype (15) . We did not find that duplications of some of these genes on ChrIII resulted in higher gene transcription,
